Summary Use of dwarfing rootstocks has dramatically increased the profitability of fruit production by reducing production costs, reduced chemical use and higher density plantings. Despite the importance of rootstock-induced dwarfing, the cause of this phenomenon is not known. Using two commercially available graft combinations consisting of a sweet cherry scion, 'Bing', on a dwarfing rootstock (Gi5) or a semi-vigorous rootstock (Gi6), we discovered that the difference in grafted tree height was due to a significantly earlier cessation of terminal meristem growth of the scion on Gi5 compared to Gi6 rootstock, rather than shorter metamer length. We then carried out cDNA-AFLP analysis to investigate differential gene expression between the two graft combinations. Transcript-derived fragments (TDFs) identified as differentially expressed were cloned and printed on microarrays for further confirmation of the differential expression. A total of 99 TDFs were identified as differentially expressed between the 'Bing'/Gi5 and 'Bing'/Gi6 samples, including genes involved in transcription regulation, brassinosteroid signaling, flavonoid metabolism and cell wall biosynthesis or modification. Rootstock vigor has a significant effect on gene expression at the scion and the graft union. Timing of the differential gene expression in the dwarf trees coincides with the earlier cessation of terminal shoot growth, suggesting that these differentially expressed genes may be involved in the dwarfing phenomenon.
Introduction
One of the most important cultural advances in temperate tree fruit production has been the development and adoption of dwarfing rootstocks. Trees on dwarfing rootstocks can exhibit several economically important traits, including precocious flowering, increased yield, reduced tree height and increased disease/virus resistance (Lang et al. 1997 , Webster 1998 , Atkinson and Else 2001 . The coexistence of two organisms of the same or different species in one plant structure requires a high degree of co-regulation at every level of plant physiology and molecular biology. The rootstock is the source of nutrients that have to be transported to the scion for processing, and the scion is the source of photoassimilates, which will partially reach the rootstock for growth or storage. Also, the rootstock is the receiver of many signals from the soil environment, while the scion is the receiver of the signals from the above ground environment. Survival of the grafted tree depends largely on the ability of the rootstock and the scion to communicate effectively and compatibly.
While our scientific understanding of how interactive growth and developmental processes are regulated in the rootstock-scion composite genetic system is very limited, multiple hypotheses have been put forth to explain rootstock-induced dwarfing. First, it has been suggested that the growth regulator auxin, which is produced in the aerial parts of the grafted tree, is transported at different rates between grafts on different rootstock genotypes, thus affecting cytokinin production in the root, which further causes differences in shoot growth (Lockard and Schneider 1981, Webster 1998) . Some support for this hypothesis has been provided in recent years for apple rootstocks (Soumelidou et al. 1994 , Kamboj et al. 1997 . The second hypothesis assumes that phenols accumulating at the graft union reduce tissue viability and perhaps the rate of auxin breakdown (Lockard and Schneider 1981 , Treutter and Feucht 1991 , Errea et al. 1994 ). However, a causal link between phenolic compound content and dwarfism has not been established (Treutter and Feucht 1991 , Usenik and Stampar 2001 . Another hypothesis postulates that rootstock-induced dwarfing is caused by reduced solute transport across the graft union (Atkinson et al. 2003 , Basile et al. 2003 . In support of this hypothesis, Atkinson et al. (2003) demonstrated that hydraulic conductance in apples increased with the vigor of the rootstocks. Furthermore, reduced stem extension rate was positively correlated with lower stem water potential when comparing dwarfing and invigorating graft combinations in peach (Basile et al. 2003) .
To date, most of the research has focused on the effect exerted by the graft union on the scion. This is mainly driven by the assumption that graft union acts as a barrier for any movement of nutrients, hormones or other signals between rootstock and scion. Ultimately, it is the genetic background of the rootstock that influences the scion as the same scion on different rootstocks may become dwarf or very vigorous. This is illustrated by two commercially available sweet cherry rootstocks, Gisela 5 (Gi5) and Gisela 6 (Gi6). Both Gi5 and Gi6 are triploid full-sib progeny (2n = 3x = 24) from an interspecific cross between the tetraploid Prunus cerasus L. cv. Schattenmorelle and the diploid Prunus canescens Bois (Schmidt and Gruppe 1988) . Gi5 is a dwarfing rootstock conferring up to 50% reduction in scion size compared to standard cherry seedling rootstocks and Gi6 is a non-dwarfing rootstock producing scions with slight size reduction (20-30%) (Webster and Schmidt 1996) .
Taking advantage of this well-documented model system, we first defined the system's critical differential growth points and, then, examined the differences in gene expression profiles of the rootstock and scion tissues between the two graft combinations.
Materials and methods

Plant material
The trees used in this study were purchased from commercial nurseries. The graft combinations were 'Bing'/Gi5 and 'Bing'/Gi6 in which the scion was 1 year old and the rootstock was 2 years old when purchased. 'Bing' is a commercial sweet cherry cultivar while Gi5 and Gi6 rootstocks are triploid F1 progeny from an interspecific cross between the tetraploid sour cherry (P. cerasus) and the diploid grey leaf cherry (P. canescens) (Franken-Bembenek 1996) . The side branches of the trees were pruned every spring before bud break so that only the main stem was retained. Trees were then allowed to grow without further pruning.
Growth measurements and statistical analysis
Growth measurements for the main shoot were taken from 10 trees per graft combination on a weekly basis beginning at the onset of spring bud break in 2002 . In 2002 , the measurements were taken on 1-year-old scions, while the 2003 measurements were taken on 2-yearold scions. The number of nodes was determined by counting the number of leaves or buds (in case a leaf had fallen) on the shoot starting at its base. Trunk cross-sectional area (TCSA) was calculated with the function p(d/2) 2 , where d = trunk diameter. Trunk diameter was measured at 10 cm above the graft union using a digital caliper with decimal point accuracy. The TCSA increment is the difference between TCSA at the arrest and the initiation of trunk expansion. Mean metamer length was derived by the division of the shoot length by the number of nodes on the same shoot. Data were analyzed with Satterthwaite's approximation to t test, due to unequal variances. The type-I error rate was set to a = 0.05.
Tissue collection and total RNA extraction
In 2002, four trees were sampled for each graft combination, 'Bing'/Gi5 and 'Bing'/Gi6. After the scion 'Bing' shoots were sampled, defoliated and frozen on dry ice, the trees were removed from the soil and the following tissue samples were obtained: 'rootstock' (stem segment 10 cm directly below the graft union), 'graft union' (stem segment that includes the swollen part of the rootstock and the scion) and 'scion' (stem segment 10 cm directly above the graft union) (Supplementary Figure 1) . All tissue samples were directly frozen on dry ice. For total RNA extraction, each frozen sample was ground in a mortar and pestle for shoots, or stainless steel blender and subsequently stainless steel coffee grinder for woody tissues (rootstock, graft union and scion). Equal amounts of ground sample from the four trees were mixed in a centrifuge tube. Pooling of the samples was necessary especially for the graft union sample to avoid unequal representation of the rootstock and scion genotypes. RNA extraction was performed as described by Wang et al. (2000) .
cDNA-amplified fragment length polymorphism
The cDNA-AFLP analysis was carried out as described by Ko et al. (2003) with few modifications. Messenger RNA was extracted from $ 100 lg total RNA using the Dynabeads mRNA purification kit (Dynal Biotech, Oslo, Norway). The cDNAs synthesized from 500 ng of mRNA from each sample were digested by ApoI/MseI enzyme pair. The products of 128 primer combinations were separated on a 5% polyacrylamide gel for 3.5 h at 80 W. The gel was transferred to a 3 MM filter paper and dried on a Gel Drier (Model 583, BioRad, CA). The gel was marked with fluorescent tags (Stratagene, CA) and exposed on a Kodak X-Omat film (Kodak, NY) for 20-24 h.
Transcript-derived fragment excision, cloning and sequencing
Differentially expressed fragments were selected by visual inspection of the X-ray films. The film was aligned to the dried gel and selected fragments were excised by cutting both film and gel using a scalpel. Each fragment on the gel is referred to as transcript-derived-fragment (TDF) TREE PHYSIOLOGY VOLUME 29, 2009 and represents a segment of an expressed gene. The excised fragments were soaked in 50 ll distilled water overnight at 37°C to elute the DNA. Five microliters were used for re-amplification of the fragments in a 20-ll PCR using the same primers as for pre-amplification (Apo-pre 5 0 -CTCGTAGACTGCGTACCAATT-3 0 ; Mse-pre, 5 0 -G ACGATGAGTCCTGAGTAA-3 0 ). The following program was used: 30 s at 94°C, 30 s at 60°C and 1 min at 72°C for 30 cycles. The products were separated on a 1% agarose gel and the double or smeared bands were excluded from further processing. The remaining TDFs were purified by precipitation in two volumes of ethanol and 10% 3 M NaOAc, pH 5.2, overnight at À20°C, washed in 100% ethanol and resuspended in distilled water. The TDFs were cloned into the pGEM-T Easy vector (Promega, WI) and transformed into Escherichia coli DH5a cells (#18265-017, Invitrogen, CA) (Dilks et al. 2003) . Two to three clones were selected for each TDF. The M13F primer was used for sequencing of the cloned TDFs using an ABI Prism 3700 DNA analyzer (ABI, CA) at the Research Technology Support Facility, Michigan State University.
TDF microarray construction and hybridization
For microarray construction, we used 277 TDFs from the shoot cDNA-AFLP experiment, 646 TDFs from the graft union cDNA-AFLP experiment, 69 constitutively expressed TDFs from the two experiments and 48 Prunus avium (L.) L. shoot apical meristem cDNAs cloned in a previous experiment. The 1040 clones were PCR amplified and purified with ethanol precipitation. The pellet was diluted in water to a final concentration of $ 100 ng/ll. Printing was performed on Telechem Arrayit SuperAmine glass slides (Cat. No. SMM, Arrayit, CA). Each spot was printed in triplicate, bringing the final number of spots on each slide to 3120. For probe preparation, total RNA was labeled with the amino-allyl method as described by Hegde et al. (2000) . Arrays were hybridized at 42°C for 16 h and washed once each in 1· SSC, 0.2% SDS at 42°C for 5 min, 0.1· SSC, 0.2% SDS at room temperature for 5 min and 0.1· SSC at room temperature for 5 min.
The experimental design was as follows:
where B5, 'Bing'/Gi5 tree; B6, 'Bing'/Gi6 tree; 6/3, mm/dd/ 2002; R, rootstock; GU, graft union; S, scion and arrows denote dye reversal. Dye reversal served as a technical replication and two RNA samples from independent trees served as biological replication.
Microarray analysis
After hybridization and wash, the slides were scanned using an Affymetrix 428 microarray scanner (Affymetrix, CA) and data were analyzed with the GenePix Pro v3.0 software (Molecular Devices, CA). Lowess normalization and ANOVA were performed using the R/maanova package (http://www.jax.org/staff/churchill/labsite/index.html). The models used for the two experiments were as follows (a) Upper shoot
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We were interested in the Position, Rootstock and Position · Rootstock effect. Expression ratios at log2 scale between 'Bing'/Gi5 and 'Bing'/Gi6 samples within date or position were obtained with the SMA package (http://www.stat.berkeley.edu/ users/terry/Group/software.html) in an R-language environment. Significance of the differential expression was based on a P value lower than 0.05 and higher than 1.5-fold difference within date or position. Genes were sorted based on their fold difference in expression and then clustered based on the similarity of their expression pattern.
Results
Dwarfism is primarily caused by early cessation of terminal meristem growth
The side branches of the cherry trees used in the analysis were pruned to avoid an effect of side branches in growth and to reduce sample variability. Weekly measurements of terminal shoot growth demonstrated that both 'Bing'/Gi5 and 'Bing'/ Gi6 initiated shoot elongation at the same rate ( Figure 1A) . However, during mid-June, the rate of terminal shoot elongation from 'Bing'/Gi5 trees decreased compared to shoots from 'Bing'/Gi6 trees, which were still elongating at the initial rate. 'Bing'/Gi5 trees ceased growing 6-13 days earlier than 'Bing'/Gi6 trees did (Table 1) . This differential cessation of terminal shoot growth was consistently observed during the three growing seasons investigated ( Figure 1A) . The difference in shoot height growth was explained by a difference in the number of metamers (node and internode). The main shoots of 'Bing'/Gi5 trees had significantly fewer (19-27%) metamers compared to the shoots of 'Bing'/Gi6 trees ( Figure 1B ; Table 1 ); TCSA, 10 cm above the graft union, did not show differences in expansion rate between the two graft combinations during the first growing season (Supplementary Figure 2A and C) but TCSA increment was higher in 'Bing'/Gi6 during the second year (Supplementary Figure 2B ; Table 1 ). The trees of both graft combinations continued to expand their girth until September (Supplementary Figure 2) .
Metamer length does not contribute to the differences in shoot length
The average metamer length was not significantly different between the dwarfing ('Bing'/Gi5) and the non-dwarfing trees ('Bing'/Gi6) in 2002 and 2003, with the exception of the year 2005 when the metamer length in 'Bing'/Gi6 trees was slightly longer compared to that of 'Bing'/Gi5 trees. The average metamer length was 1.7-2.0 cm in the three growing seasons (Table 1) . This indicates that the difference in height growth between the two graft combinations is mainly due to the differential cessation of the apical meristem activity.
Differential cessation of terminal meristem growth follows changes in gene expression
To examine the changes in gene expression associated with rootstock-induced dwarfing, we conducted cDNA-AFLP analysis between the graft combinations, 'Bing'/Gi5 and 'Bing'/Gi6. Using the shoot elongation curve as a reference ( Figure 1A, 2002) , shoot samples of each graft combination were collected before (6/3/2002), at (6/20/2002) and after (7/3/2002) the differential cessation of growth.
Gene expression between the two graft combinations did not differ significantly within dates (Figure 2A) . Only a few fragments showed expression level differences, with representative profiles shown in Figure 2B . Patterns 1-4 show the genes that were down-regulated earlier in 'Bing'/Gi5 shoots compared to 'Bing'/Gi6, while patterns 5-8 show the genes that were up-regulated earlier in 'Bing'/Gi5 shoots ( Figure 2B ). Patterns 9 and 10 show a simultaneous response of 'Bing'/Gi5 and 'Bing'/Gi6 genes at the time of initiation of shoot growth cessation ( Figure 2B ). A total of 111 TDFs were selected and subsequently cloned into a plasmid vector for sequencing.
Changes in gene expression during differential cessation of terminal meristem growth are also apparent at the graft union
To examine the genetic influence of the rootstock on the scion or vice versa, we examined the gene expression changes in the scion (10 cm above the graft union), rootstock (10 cm below the graft union) and at the graft union. Overall, there was a high level of similarity in the gene expression profiles between the rootstock (P. cerasus · P. canescens) and scion (P. avium) ( Figure 3A ). Many genes, expressed in either rootstock or scion, were also present in the graft union ( Figure 3B , patterns 1-4 and 6-10).
The most notable expression pattern is represented by TDFs that are only present at the graft union of the 'Bing'/Gi6 trees ( Figure 3B , pattern 5). Some TDFs ( Figure  3B , pattern 9) showed a gradual decrease in expression level from the scion to the rootstock and vice versa ( Figure 3B , pattern 10). This pattern may indicate RNA transport across the graft union through the vascular system and requires more elaborate examination. A total of 249 TDFs were selected for further analysis: 64 TDFs that are differentially expressed in the rootstock ( Figure 3B , patterns 1-4 and 10), 49 in the graft union ( Figure 3B , pattern 5) and 136 in the scion ( Figure 3B , patterns 6-9).
Microarray analysis of the shoot and graft union regions
Microarrays were used to confirm the expression profiles of the cloned TDFs. Of the 1040 TDFs printed on the microarray, only 99 showed statistically significant differential expression. Forty-three TDFs were differentially expressed in the shoot and 56 in the graft union region (Tables 2  and 3 ). Of those, six had a 'Bing'/Gi5-specific expression pattern. Sequence analysis of the TDFs showed high homology to the Cherry Virus A (CVA) RNA genome; CVA is a capillovirus that has no defined symptoms in cherry trees (Jelkmann 1995) .
In the main shoot experiment, the majority of the differentially expressed genes fell into clusters 1 and 3 ( Table 2 ). The genes in cluster 1 were up-regulated in 'Bing'/Gi5 compared to 'Bing'/Gi6 trees on the 3 rd of July, when the growth rate of the dwarfing 'Bing'/Gi5 trees was decreasing. The genes in this cluster are similar to a phospholipase D (RGUS1010), catalase1 (RGUS1271-72), MYB protein (RGUS1306), a subtilisin serine protease (RGUS1529-31), a touch-induced protein (RGUS1636) and an unknown sequence (RGUS1342) ( Table 2 ). In contrast to cluster 1, the genes in cluster 3 were up-regulated in 'Bing'/Gi6 shoots on the 3 rd of July, compared to 'Bing'/Gi5 shoots. The genes in this cluster likely encode proteins similar to an AP2-domain-containing protein (RGUS1210), an Armadillo beta-catenin domain protein (RGUS1367), an AtVOZ1-like transcription factor (SM1045), two RNA helicases (RGUS1127 and SM1228) and a zinc finger protein (SM1026) ( Table 2) .
The differentially expressed genes in the graft union experiment can be grouped into seven clusters (Table 3) . Cluster 1 includes four genes up-regulated in the scion of 'Bing'/Gi5 trees, two of which encode for transferases (RGUS1219 and RGUS1590) and the other two for a lectin (RGUS1305) and an AP2-domain protein (SM1057) ( Table 3 ). In contrast, cluster 3 includes 10 genes that are up-regulated in the scion of 'Bing'/Gi6 compared to that of 'Bing'/Gi5. An interesting gene in this cluster encodes for a homolog of COBRA-like 7 (AtCOBL7; RGUS1449) protein of Arabidopsis; AtCOBL7 is expressed in the vascular tissues of Arabidopsis, but its function is still unknown (Brady et al. 2007 ). Cluster 4 contains the largest number of clones (24) and includes genes up-regulated in 'Bing'/Gi5 compared to 'Bing'/Gi6 rootstocks. The genes in this cluster include a BRASSINOSTEROID INSENSITIVE1 (BRI1)-associated protein kinase gene (BAK1 and RGUS1166), a t-complex polypeptide1-like protein (TCP-1 and SM1126) and a DNA-binding bromodomaincontaining protein (RGUS1239) ( Table 3) . BAK1 is a membrane-localized LRR-repeat protein that interacts with BRI1 to induce brassinosteroid signaling (Vert et al. 2005, Karlova and de Vries 2006) . TCP-1 is a protein that is highly conserved among plants and mammals and functions as a chaperone in actin and tubulin biogenesis (Yaffe et al. 1992 , Sternlicht et al. 1993 . In Dictyostelion, a TCP-1 homolog is positively related to cell growth (Iijima et al. 1998 ). Bromodomain-containing proteins such as RGUS1239 have conserved domains that function in chromatin remodeling and transcriptional activation (Zeng and Zhou 2002) . Cluster 6 contains 12 genes that are upexpressed in 'Bing'/Gi6 rootstock compared to 'Bing'/Gi5 rootstock. The majority of the genes are involved in secondary metabolism, with the exception of one gene that has high sequence homology similar to a calmodulin-related domain (RGUS1018) ( Table 3) .
Four transcription factors were identified in the shoot microarray experiment: a putative homolog to an AtVOZ1 protein from Arabidopsis (SM1045), an AP2-domain-containing protein (RGUS1210), a MYBdomain protein (RGUS1306) and a zinc finger-containing Table 2 . Genes differentially expressed in the upper shoot microarray experiment. Positive fold change values refer to B5 up-regulation while negative values refer to B6 up-regulation. 3/6, 3 June; 20/6, 20 June; 3/7, 3 July; B5, 'Bing'/Gi5; B6, 'Bing'/Gi6; R, rootstock; S, scion; GU, graft union; Sh, shoot; ns, nonsignificant.
(1) RGUS, gene obtained in the graft union cDNA-AFLP experiment; SM, gene obtained in the upper shoot cDNA-AFLP experiment. (2) TDF size refers to the sequence length in base pairs. (3) Tissue of origin according to the cDNA-AFLP profile. Sample labeling in the 'cDNA-AFLP expression' column is the same as in Figures 2B and 3B ( i.e., B5 B6 B5 B6 B5 B6).
protein (SM1026). AtVOZ1 is a transcription factor with only one homolog, AtVOZ2, in Arabidopsis (Mitsuda et al. 2004) . AtVOZ1 is specifically expressed in the phloem but its function remains unknown (Mitsuda et al. 2004 ).
The AP2-domain-containing protein is similar to an ethylene responsive transcription factor (ERF/AP2) with unknown function that belongs to the B2 family of ERF/ AP2 factors (Nakano et al. 2006 ). The MYB-domain Table 3 . Genes differentially expressed in the graft union microarray experiment. Positive fold change values refer to B5 up-regulation; negative values to B6 up-regulation. R, rootstock; GU, graft union; S, scion; Sh, shoot; B5, 'Bing'/Gi5; B6, 'Bing'/Gi6; ns, nonsignificant.
(1) RGUS, gene obtained in the graft union cDNA-AFLP experiment; SM, gene obtained in the upper shoot cDNA-AFLP experiment. (2) TDF size refers to the sequence length in base pairs. (3) Tissue of origin according to the cDNA-AFLP profile.
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TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org homolog of Arabidopsis, MYB111, belongs to R2R3-MYB subfamily 7 that is involved in the early stages of flavonol biosynthesis (Stracke et al. 2001 (Stracke et al. , 2007 . In contrast to the shoot, only one transcription factor was identified as differentially expressed in the graft union and was similar to an AP2-domain protein (SM1057). This AP2-domain protein also belongs to the ERF/AP2 subfamily A6 transcription factors (Nakano et al. 2006) . Finally, five genes were differentially expressed in both microarray experiments (shoot and graft union). One of the genes is a touch-induced protein with a calmodulin calcium-binding domain (RGUS1636). The other four genes are a subtilisin-like serine protease (RGUS1530), a nucleotide sugar epimerase (RGUS1589), a chloroplast omega-3 desaturase (RGUS1336) and a sequence with no homology to known genes (RGUS1342). Seif and Gruppe (1985) reported that one of the major factors affecting final tree size for the scions grafted onto cherry rootstocks is the timing of shoot growth cessation. This observation was confirmed in our study as the difference in final shoot length between 'Bing'/Gi5 and 'Bing'/Gi6 trees was due to differential cessation of terminal meristem growth. Our results further demonstrate that metamer length does not contribute significantly to the differences in shoot length for the scions on the two rootstocks. It is not known what triggers the initiation of terminal bud growth cessation in cherries. Our 3-year measurements showed that cessation of shoot growth in 'Bing'/Gi5 trees started in the middle of the growing season and occurred within the first 14 days in June. The ungrafted shoots of both Gi5 and Gi6 continue to elongate until September (data not shown), suggesting that in grafted trees a signal for cessation of terminal growth may be perceived differently by the two rootstocks.
Discussion
The identification of the timing of the rootstock-induced differential cessation of shoot growth allowed us to collect a time course of mRNA samples that can be used to examine differential gene expression associated with this process. The earlier cessation of shoot growth in 'Bing'/Gi5 might have been caused by temporal regulation of the genes involved in the process. We discovered a list of differentially regulated genes from this study. However, their contribution toward the differential height growth between the two graft combinations remains to be elucidated. We found from the cDNA-AFLP experiments that the differences in gene expression between 'Bing'/Gi5 and 'Bing'/Gi6 combinations was higher in the graft union experiment than in the main shoot experiment. This may be explained by the allelic variation in the two rootstocks, an effect that may not be shown in the microarrays. Unlike cDNA-AFLP analysis that can reveal insertions, deletions or single nucleotide polymorphisms, cDNA microarrays are based on sequence homology. In this regard, pattern 5 in Figure 3B is interesting because the differential expression was not observed in the microarray experiment. Many of the TDFs, showing differential expression only in the cDNA-AFLP analysis, code for regulatory proteins. Whether or not they are associated with the differential cessation of growth is not known.
Sequencing of the differentially regulated genes revealed a multitude of putative gene functions. Particularly, the genes encoding transcription factors and signaling pathway proteins are of further interest. Four of the 40 genes differentially expressed in the main shoot encode transcription factors. Unfortunately, very little information exists on the biological function of these proteins. Another interesting gene encodes a protein similar to the Arabidopsis BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 (BAK1/SERK3, RGUSS1166). This gene has also been shown to be up-regulated in the stem region of dwarfing apple grafts (Jensen et al. 2003) , suggesting a potential role of brassinosteroids in the control of terminal shoot growth. Other genes differentially expressed in both this study and that of Jensen et al. (2003) include an AP2-domain-containing protein (RGUS1210), a GDSLmotif lipase hydrolase (SM1123), a touch-induced protein (RGUS1636) and a C3HC4 zinc finger protein (RGUS1223). However, their potential role in the dwarfing mechanism remains to be demonstrated.
The parallel analysis of gene expression at the shoot and the graft union region allowed us to obtain better understanding of the gene expression changes associated with the differential height growth of the two graft combinations. We have shown that the shoots of the common genotype 'Bing' responded differently when grafted on the two rootstocks of different vigor. The dwarfing rootstock Gi5 caused earlier changes in gene expression at the 'Bing' shoot, compared to the non-dwarfing rootstock Gi6. Additionally, as shown in Figure 3B , patterns 9 and 10, several TDFs exhibited differential expression across the graft union. However, it is not known whether these RNAs are transported through the vascular system. Nonetheless, these observations lead to a hypothesis that rootstockinduced dwarfing may be caused by rootstock signals that move through the graft union and affect scion growth. In support of this hypothesis, recent studies have shown that there are a significant number of mobile macromolecules that can move through the vascular system (Kim et al. 2001 , Ding et al. 2003 , Mallory et al. 2003 , Lucas and Lee 2004 . Signaling proteins or RNAs can move through the graft union and small differences on the availability of those signals or their receptors/targets can have an altering effect on growth (Kim et al. 2001 , Mallory et al. 2003 .
Rootstock-induced dwarfing remains a complex and poorly understood phenomenon. The genotypic differences of rootstocks that exert varying levels of vigor to the common scion variety prompted us to study the genes that are differentially expressed in both the scion and the rootstock.
We have successfully identified a number of genes that are differentially expressed before, at and after the differential cessation of terminal growth in dwarfing and vigorous rootstocks. Further characterization of these identified genes can facilitate the unraveling of the molecular mechanism(s) underlying rootstock-induced dwarfing.
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